| INTRODUCTION

| What is autophagy?
Cells have developed a variety of strategies and routes of cellular metabolism/catabolism to respond to physiological and pathological stresses. Autophagy is a cellular process wherein cytoplasmic components such as proteins, lipids, nucleotides, organelles such as mitochondria, peroxisomes are degraded and recycled. Autophagy can also deliver foreign entities such as bacteria, viruses to the lysosome for degradation and regulates inflammatory responses.
1 Autophagy is distinct from other cellular processes such as apoptosis, an active and programmed process of cellular death via plasma membrane blebbing, but with no modifications of cytoplasmic organelles. Apoptosis generally does not elicit inflammatory responses. Autophagy is also distinct from necrosis, a passive cell death process resulting from environmental perturbations with plasma membrane rupture, loss of intracellular contents, and subsequent release of inflammatory signals 2 and does not involve irreversible arrest of cell growth and exit from cell cycle as occurs during senescence. 3 Autophagy is essential for normal cellular function and plays a wide variety of physiological and pathophysiological roles and consists of several sequential steps. There are multiple types of autophagy including macroautophagy, microautophagy, and chaperone-mediated autophagy. 4 In this review, we will focus on macroautophagy (hereafter autophagy), a process that involves cargo sequestration, transport to lysosomes, degradation, and utilization of degradation products-and each step can affect multiple functions in a variety of cellular contexts.
Formation of a double-membraned organelle, termed the autophagosome, is the key element of the canonical autophagy process.
Autophagosome formation is highly conserved from yeast to plants and animals: First, cytoplasmic constituents, including organelles, are sequestered by ER-derived membranous structures referred to as the phagophore or isolation membrane. Organelle sequestration by the elongating phagophore and its subsequent closure results in formation of the autophagosome. In the next step, autophagosomes fuse with lysosomes to form degrading structures called "autolysosomes" or "autophagolysosomes." Upon lysosomal degradation, monomeric units, such as amino acids, are exported to the cytosol for reuse. 4 Autophagy also regulates energy status in vivo 5 as amino acids produced by autophagy can be used to synthesize proteins, which are important for adaptation to starvation environments. of LC3 (LC3-I) conjugates with phosphatidylethanolamine to form LC3-II, which is recruited to autophagosomal membranes. LC3-II is degraded upon autophago-lysosomal fusion, and thus LC3-II lysosomal turnover is indicative of autophagic activity, and detecting LC3-I and -II by immunoblotting or immunofluorescence is a well-established method for monitoring autophagy. Another protein frequently associated with autophagy is the sequestosome 1 protein, P62, which accumulates upon reduced autophagic activity, and thus is also used to monitor autophagy activity. 4 The key elements of the autophagy process and aspects of reproduction in the female mammal highlighted in this review are schematized in Figure 1 .
| Autophagy in oocyte development
Autophagy and autophagy genes/proteins play an important role in oocyte development. For example, expression of ATG7, a key autophagy gene involved in autophagosomes formation, is present at a constant level during all oocyte stages, and Atg7 deficient mice typically produce small litters and the mice become sterile over time.
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Atg7 deficient ovaries contain fewer germ cells and primordial follicles overall. Of the follicles are present, many are structurally altered or non-functional, suggesting that Atg7 has a role in germ cell survival.
Choi et al. 9 investigated LC3 expression in follicular development and atresia in a rat model and found that LC3 is present in granulosa cells of primary and pre-antral follicles, but was absent in primordial follicle cells or in oocytes. Additionally, Duerrschmidt and others found that in human ovaries, treatment with oxidized low-density lipoprotein results in accumulation of autophagosomes and even autophagic death in granulosa cells, indicating a possible cause for fertility issues in obese women, who typically produce higher levels of oxidized lowdensity lipoprotein. 10 Autophagy has also been shown to play a role in oocytes and preimplantation murine embryos in response to environmental stressors such as a hyperglycemic environment. Increased autophagy upon stress induced by a high glucose environment was shown in a mouse model to be accompanied by increased apoptosis. 11 Together, these F I G U R E 1 Schematic of the female reproductive tract including the early embryonic stages and the placenta which nurtures and protects the developing fetus. A variety of physiological and pathologic stressors can activate the cellular recycling pathway of autophagy. The principal stages of canonical autophagy are schematized together with selected autophagy genes. Dysfunction in this pathway is associated with adverse outcomes for reproduction and pregnancy studies suggest that systemic metabolic conditions can significantly alter autophagy activity in oocyte maturation and function with profound consequences for reproductive outcomes.
| Autophagy in Oocyte-to-embryo transition
The uterus uses autophagy as a tool to accomplish changes necessary for pregnancy. El-Shershaby et al. 12 studied mouse uteri and found that upon implantation of the blastocyst, epithelial cells, in the antimesometrial chamber that contains the conceptus, die as a result of "self-digestion" rather than phagocytosis by surrounding trophoblasts.
This was indicated by the detection of autophagosomes in the antimesometrial epithelial cells, but the lack of a "border of lysosomes" in trophoblast cells.
The uterus is an important hormone-responsive reproductive organ in mammals, and uterine functions are under the regulation of ovarian steroid hormones, estrogens (E 2 ), and progesterone (P 4 ).
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Choi et al. 15 explored whether hormones regulated autophagy in the mouse uterus and found that high levels of LC3-II, a marker of autophagic activity was detected in the uterus during the first 2 days of pregnancy, coinciding with the highest levels of estrogen (E 2) in the uterus and decreased at day 4 when P4 levels are higher. Incidentally, levels of P62, typically associated with reduced autophagy, also rise at day 4. Accordingly, mouse blastocysts show heightened autophagy when implantation is delayed by ovariectomy on day 4 of pregnancy and treatment of ovariectomized mice with either P 4 or E 2 showed reduced levels of autophagic genes, indicating that P 4 likely suppresses autophagy activation. Blocking of E 2 receptor prevents autophagy from being inhibited by E 2 , suggesting that ER signaling may regulate autophagy in the uterus. Furthermore, a P 4 receptor antagonist, mifepristone, reverses autophagic downregulation. 14 Lee et al. 16 further confirmed an important reciprocal hormonal regulation of autophagy by demonstrating in mice that an increase in autophagy is noted if the implantation phase is extended due to E 2 withdrawal.
Autophagy as a whole plays an integral part of early development and oocyte-to-embryo transition. Mice deficient in key autophagy genes such as Beclin-1 dies early in gestation (embryonic day 7.5 or earlier) due to incomplete amniotic canal closure. 17 Similarly, a defect in Ambra-1 (activating molecule in Beclin-1-regulated autophagy) causes embryonic death by embryonic day 10 due to defective neural tube development. 18 Tsukamoto et al. 19 explored the role of autophagy in preimplantation stages in the mouse and found that the earliest autophagic event in mammalian development is observed in fertilized oocytes. Autophagy induction in the ovulated oocyte upon fertilization coincides with maternal mRNA and protein degradation by autophagy, which appears to be necessary for synthesis of new mRNAs and proteins encoded by the zygotic (fertilized embryo) genome.
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Additionally, Luo et al. 21 determined that autophagy is dispensable for post-fertilization elimination of parental mitochondria and mitochondrial DNA in mice, a process maintaining maternal mitochondrial inheritance. The ATG gene, Atg5, has been shown to be essential during the early phase of preimplantation development in a mouse model as autophagy deficiency leads to blocked development and embryonic lethality at the 4-8 cell stage. 19 Although the mechanism underlying this rapid embryo death remains to be elucidated, one hypothesis that loss of Atg5 results in decreased protein synthesis due to loss of amino acids. Another hypothesis, which is not mutually exclusive, is that autophagy may be required for degradation of maternal suppressors of the zygotic gene program proteins in oocytes. Interestingly, autophagy induction does not appear to be necessary for oogenesis or fertilization itself. 19 Clearly, autophagy plays a significant physiological role in developmental programming in pre and post-implantation stages.
Thus, environmental stress or hormonal changes which affect autophagic processing could regulate developmental decisions and have profound consequences for reproductive outcomes.
| Autophagy in the placenta
The role for autophagy process and various autophagy genes in the placenta has been explored at different times during gestation. The The placenta is physiologically hypoxic early in pregnancy as it generates reactive oxygen species leading to oxidative stress, and regulation of autophagy under normoxic and hypoxic conditions has been explored in a number of studies. 27 Chenet al. 28 revealed that hypoxia increases autophagic flux in human trophoblasts. They noted an inverse expression of LC3-II and cleaved PARP, a marker of apoptosis and concluded that blocking autophagy increased apoptosis. Autophagy is important during trophoblast invasion, and human trophoblasts have higher invasive ability under hypoxic conditions. 29 Accordingly, it was found that LC3-II expression and autophagosome formation increased with decreasing HIF-1α expression, which is induced upon hypoxia, and which reduces trophoblast invasion. Yamanaka-Tatematsu et al.
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further studied the role of autophagy in hypoxia and trophoblast invasion in human trophoblasts. Overexpression of HIF-1α reduced trophoblast invasion in autophagy deficient cells.
A new study examined the effects of fetal gender on autophagy induction in the placenta. In normal weight women, placentas associated with female fetuses, but not male, tended to have an increase in levels of autophagy-related proteins. However, under conditions of maternal obesity, placentas from male fetuses switch to using autophagy to recycle damaged organelles. Deletion of autophagy in mouse placentas closely resembled the phenotype seen in the placentas of obese women, and mice with a placenta-specific autophagy deletion were more susceptible to diet-induced obesity. who found that altered trophoblast invasion caused by increased autophagy might be a factor involved in preeclampsia as patients with preeclampsia had increased LC3 and Beclin-1 expression in trophoblasts and endothelial cells as well as increased number of autophagosomes. However, a separate study analyzed gene expression of autophagy-related genes and found no difference in expression of autophagy genes in placentas from preeclamptic patients compared to control placentas. 41 Together, these studies suggest that insights derived from correlation of autophagy gene expression with outcomes are not entirely consistent and extensive studies remain to be conducted to determine a role for autophagy in preeclampsia.
Nakashima et al. 42 found autophagy deficient cells showed reduced trophoblast invasion capacity under hypoxic conditions.
Kanninen and Witkin demonstrated that sera from women with preeclampsia differed in the ability to induce autophagy relative to sera from a normotensive pregnancy, 43 together suggesting a possible role for autophagic regulation in pathogenesis of preeclampsia. Other possible mechanisms include presence of altered morphology in the endoplasmic reticulum and mitochondria in placentas associated with IUGR with or without preeclampsia. Higher number of autophagosomes were found in IUGR placentas in the villi. 44 Chang et al. 45 studied IUGR in monochorionic twins and found that LC3-II expression was much higher in a twin with IUGR.
Sera from pregnant women have been tested for evaluating the potential of autophagy activity as predictive or diagnostic markers of pregnancy outcomes, and the findings suggest that autophagy might also play a role in ectopic pregnancy and pregnancy loss. Cytotrophoblasts and extravillous trophoblasts have been previously shown to be more susceptible to bacterial infection than syncytial trophoblasts. 56, 57 The new study shows that induction of autophagy can reverse this susceptibility. 26 Placentas from Atg16l1 deficient mice were more susceptible to infection than wild-type controls.
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Interestingly, Doulaveris et al. 58 studied a single nucleotide polymorphism in the ATG16L1 gene and discovered that women with the mutant genotype with induced labor gave birth in the shortest amount of time, suggesting that ATG16L1 might play a role in birth timing. Cao et al. 26 show that Atg16l1 deficient mice give birth prematurely when given an inflammatory stimulus such as bacterial lipopolysaccharide.
Together, this demonstrates that autophagy is a key host defense mechanism in placentas, which is critical to understanding how trophoblasts and placentas serve a key function which is to form an effective barrier and protect the fetus from maternal-fetal transmission of pathogens.
| CONCLUSION
It is now well established that the autophagy process is active in all stages of oocyte maturation, implantation, pregnancy, placental physiology, and in postpartum remodeling, and thus alterations in au- Atg7 is more susceptible to germ cell and oocyte maturation defects.
Finally, characterizing the spatial and temporal expression of a given autophagy gene and correlating expression with function or dysfunction is essential to understand the role of autophagy genes and proteins in the female reproductive tract.
